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Due to the combined effect of temperature and cyclic loading and unloading, the gas permeability of polypropylene fiber
reinforced concrete structures changes during service. However, the current gas permeability test of polypropylene fiber
reinforced concrete is based on a single influencing factor or a single test condition (monotonic loading), and the test conditions
are quite different from the actual working conditions of the structure. To explore the permeability of polypropylene fiber
reinforced concrete under cyclic loading and unloading under the influence of temperature, based on the stress principle that the
specimen does not have structural damage and according to the steady-state equation of Darcy’s law, the Cembureau method is
adopted. -e gas permeability of polypropylene fiber reinforced concrete under single loading and unloading and multistage
cyclic loading and unloading at eight target temperatures is tested by the triaxial permeability test system.-e results showed that
(1) when the target temperature was 120°C<T≤ 200°C and 200°C<T≤ 280°C, the fiber experienced two stages of “softening,
melting-cooling recovery” and “melting and absorption,” which caused damage to the matrix pore structure.-e gas permeability
at 200°C and 280°C was 246 times and 350 times that at 22°C, respectively. (2) -e damage degree of the matrix strength structure
increases during cyclic loading and unloading, and the permeability loss rate during cyclic loading and unloading is 1.24∼1.57
times that of single loading and unloading. (3)-e high target temperature leads to pore structure damage of the matrix, which not
only affects the permeability of the matrix but also affects the strength structure of the matrix. When the stress ratio R≥ 0.37, the
pore structure damage and the strength structure damage of the specimen are superimposed, resulting in the antipermeability
effect of the specimen developing in the unfavorable direction. -e test simulated the actual working conditions of polypropylene
fiber reinforced concrete, providing a reference for building fire protection, seismic design or postdisaster evaluation.

1. Introduction

Concrete and naturally formed rock and soil are macro-
scopic combinations of discrete particles, which are all
porous media. In actual working conditions, they are in-
evitably affected by the coupling of many factors, such as
heat, water and stress. -e evolution of influencing factors is
closely related to the particle rearrangement [1], which has
an important influence on the structural strength and
stiffness. In recent years, polypropylene fiber reinforced
concrete (PPFRC) has been widely used because of its low
permeability at room temperature [2–4] and good fire and
explosion resistance [5, 6]. However, the decrease in strength

and increase in permeability after high-temperature damage
have adverse effects on durability, which has attracted
widespread attention. At present, research on the perme-
ability of PPFRC mainly focuses on the load effect and high-
temperature effect.

Relevant studies on the permeability of PPFRC under
load show that the antipermeability effect of PPFRC comes
from the crack resistance of fibers, which is mainly man-
ifested in the inhibition of the generation and development
of cracks in concrete by the bridging effect of fibers and the
improvement of permeability resistance [7–9]. In 1963,
Romualdi and Batson of the United States proposed the fiber
crack arrest theory, also known as the fiber spacing theory. It
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is believed that the existence of fibers reduces the propa-
gation force at the crack tip and hinders the development of
cracks, and this hindering effect is related to the fiber
spacing; the smaller the fiber spacing is, the more obvious
the hindering effect is [10–12]. -e theory emphasizes the
limiting effect of fiber spacing (content) on crack propa-
gation in the matrix but ignores the composite reinforce-
ment effect of the fiber itself, the bond strength between the
fiber and matrix and the influence of fiber length on the
reinforcement effect of thematrix, so it can only qualitatively
explain the reinforcement principle of the fiber. On the basis
of fiber crack arrest theory, the introduction of the linear
elastic fracture mechanics principle and comprehensive
consideration of fiber length, the self-composite effect and
bond strength within the matrix are the main theoretical
bases for the current study of fiber crack arrest enhancement.
In recent years, it has been found that crack propagation is
limited and impermeability is improved due to the
presence of fiber strength and bonding force after
concrete damage [13]. At the same time, in the recovery
stage after the load damage of the concrete matrix, the
fiber can also improve the crack recovery rate and reduce
the permeability coefficient of concrete after cracking
[14]. However, the greater the fiber content is, the better
the crack resistance and impermeability. -ere is a
threshold for different water cement ratio fiber contents,
and the threshold range is generally 0.5 kg/m3∼1.5 kg/m3

[7, 15–18]. In addition, the impermeability of concrete is
greatly related to the load stress. In general, when the
stress ratio is less than 0.5, the permeability of the matrix
decreases with increasing stress. When the stress ratio
exceeds its value, the matrix structure is easily damaged,
and the permeability is greatly increased [19–22].

Relevant studies on the permeability of PPFRC after
temperature action show that the voids and holes generated
in the matrix after the “softening-cooling recovered” and
“melting-absorption” of polypropylene fibers at high tem-
perature are important reasons for the increase in perme-
ability [23–30]. However, there are different views on the
mechanism of pore formation after polypropylene fiber
melting. Kalifa et al. [31] showed that polypropylene fibers
were absorbed by the concrete matrix after melting through
the “water drop” test, but the test results were greatly affected
by the surface treatment degree of the specimen. Khoury
[32] pointed out that the viscosity of polypropylene fiber
after melting is very high and the molecular diameter (more
than 14 nm) is much larger than the pore size of concrete
silicate gel or solid-solid distance (1.8 nm) [33], and the
possibility of absorption by the concrete matrix is very small.
Bosnjak et al. [28] found through a heating test of PPFRC
specimens that the PP fiber had no obvious change after the
specimen was cooled by continuous heating for 20min, and
the PP fiber was absorbed after continuous heating for 6 h
and 2 d. -e longer the heating time was, the more obvious
the absorption effect was. In addition, the free water and the
bound water in the matrix have complex transformation
effects at different temperatures [34]. -e water loss of
concrete materials under the influence of high temperature
[35, 36] will lead to changes in pore structure and size as well

as the generation of microcracks [37] and adversely affect the
permeability resistance of concrete [38].

-e above research explains the action mechanism of
polypropylene fiber on concrete permeability under load
and temperature. -e research results provide an important
reference for the engineering application of PPFRC and the
fire prevention and seismic design of buildings. However,
the above studies are based on a single influencing factor or a
single test condition (monotonic loading), and concrete
structures are often subjected to complex stress and multiple
factors during service. For example, airport runways are
subjected to the impact of aircraft landing, coastal buildings
are subjected to the impact of waves, and concrete structures
in earthquake-prone areas are subjected to cyclic loading
and unloading and structural damage after fire. It is more
realistic to study the permeability and damage mechanism of
PPFRC under cyclic loading and unloading under the in-
fluence of temperature.

In view of this, the authors, on the basis of previous
research, combined with the actual working conditions,
made the PPFRC test block and imposed multilevel target
temperatures on the test block. -e three-axis permeability
test system was used to measure the permeability of PPFRC
during single loading and unloading and multistage cyclic
loading and unloading. -e evolution characteristics of the
gas permeability of PPFRC under multistage target tem-
peratures and cyclic loading and unloading conditions are
studied.

2. Design of Experiments

-e test was carried out by eight target temperatures and two
loading and unloading methods.-e test process is shown in
Figure 1.

2.1. Test Raw Materials and Ratio. -e ordinary Portland
cement used in the test was produced by Henan Mengdian
Group Cement Co., Ltd. and is labeled as P·O 42.5R.-e fine
aggregate is natural river sand, the fineness modulus is 2.70,
and the apparent density is 2562 kg/m3.-e coarse aggregate
is continuous graded gravel with a particle size of 5∼20mm
and an apparent density of 2,622 kg/m3. -e test water was
ordinary tap water. Polypropylene fiber used for test pro-
duction was procured from Langfang Shuangyuan Energy
Saving Technology Co., Ltd. -e length was 15mm, the
diameter was 0.5mm, the tensile strength was greater than
450MPa, the melting point was 189°C, and the dosage was
0.9 kg/m3. -e PPFRC test block volume is
200mm× 200mm× 200mm, and the strength grade is C30.
-e proportion is shown in Table 1.

2.2. Test System. -e triaxial permeability test system for the
test was produced by Jiangsu Tuochuang Scientific Research
Instrument Co., Ltd., as shown in Figures 2 and 3, which
mainly includes three system modules: a three-axis loading
servo control system, gas (liquid) flow measurement system,
and square block placement cavity.
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Figure 1: Test flow chart.

Table 1: PPFRC ratio table.

Strength grade Cement (kg/m3) Water (kg/m3) Sand (kg/m3) Gravel (kg/m3) Fiber (kg/m3)
C30 360 180 673.4 1146.6 0.9
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Figure 2: Structure principal diagram of the triaxial loading permeability test system.
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(1) -ree-axis loading servo control system: piston
loading, self-balancing reaction structure; three-axis
independent servo system plus central digital system
control, control accuracy: ≥ ±0.1% f.s.①-ree-axis
loading unit: each axis contains two main loading
hydraulic cylinders, with a maximum load of
1000 kN, a maximum stroke of 50mm, and with a
measurement control accuracy reaching 0.1% of the
maximum force value. It can be steadily loaded for a
long period. A Swiss trafag pressure sensor was used.
-e rated output voltage of the sensor was 2.0mV/V
±2.5%, creep ±0.1%, nonlinearity ±0.3%, hysteresis
±0.3%, and the temperature compensation range was
−10°C + 40°C. ② Servo control system: the Japanese
Fuji servo control system is adopted to meet constant
pressure and constant rate loading. -e loading rate
is 0.01∼1 kN/s, maximum loading pressure is
40MPa, control precision is 0.01MPa, resolution
≤0.1%, and hysteresis ≤0.2%.

(2) Gas flow measurement system: the steady-state
method was used to control the flow, with a pressure
0∼10MPa, and permeability coefficient measure-
ment range 10−14m2∼10−22m2. During the test, it is
necessary to cooperate with the triaxial loading
cylinder, encapsulate the specimen with the upper
and lower pressure heads with seepage channels in the
triaxial loading cylinder, and apply a certain amount
of hydrostatic pressure (greater than the maximum
osmotic pressure of at least 0.5MPa) before the be-
ginning of the permeability test to ensure that the
packaging material was close to the specimen wall.

(3) Square block placement cavity: three cube specifi-
cations are 300mm, 200mm, and 100mm.-ere are
three sets of clamps, and the clamp contains the
corresponding rigid cushion block, which is con-
venient for changing the size of the test sample; an
encapsulation pressure of 0∼20MPa is used to en-
sure that the three axial seals are reliable.

2.3. Heating and Sealing of Specimens. -e test block was
made according to Table 1; the standard curing time was 28
days. At the end of the curing period, the specimens were
subjected to indoor natural air drying for one month. -e
specimen was heated by a box-type resistance furnace, and
the target temperatures were 22°C (room temperature),
40°C, 80°C, 120°C, 160°C, 200°C, 240°C and 280°C. After
thermal stability for 6 h, the specimen was removed and
cooled naturally to room temperature and then packaged for
loading and unloading gas permeability tests. To prevent
angular damage to the specimen during the loading process,
the gas seepage channel is changed. -e Sealing Test
Specimen with Angle Copper Strip Fixed Edge Glass Ad-
hesive is shown in Figure 4.

2.4. Test Scheme

(1) Principle of the seepage test: the steady-state equa-
tion based on Darcy’s law adopts the Cembureau

method. Under a certain pressure difference on both
sides of the sample, the gas permeability is related to
the viscosity coefficient, flow distance and flow rate,
and the permeability is calculated according to
formula (1) [39].

Kg �
2LμQ0P0

A P
2
1 − P

2
2 

. (1)

In the formula, Kg is the gas permeability of the
PPFRC test block, m2; μ is the viscosity of the test gas,
S·N/m2;Q0 is the gas flow through the specimen, m3/
s; P0 is atmospheric pressure under test conditions,
MPa; P1 is inlet gas pressure, MPa; P2 is the outlet gas
pressure, MPa;A is the square sample area, m2; and L
is the length of specimen, m.

(2) Test scheme: the uniaxial compression test scheme
was adopted, with a confining pressure of 0, the
compression axial is z-axis, and the loading and
unloading rate is 0.1 kN/s. Nitrogen was selected as
the permeable gas, the inlet was on one side of the x-
and y-axes, the inlet pressure was 1.0MPa, the outlet
was on the other side of the x- and y-axes, and the
outlet pressure was 0.5 -e specimens were encap-
sulated by hydrostatic water with a pressure of
1.5MPa. To ensure the permeability test effect and
prevent damage to the specimen structure [40, 41], the
maximum effective stress of the specimen is 0.5fc (fc is
the measured peak stress of the PPFRC specimen).
-e test was divided into two groups, and eight
specimens in each group were subjected to different
target temperatures. In the first group, the specimen
was subjected to 8-stage single loading, and the
permeability of the specimen at each loading level was
tested. After loading to 0.5fc, the specimen was
unloaded to 0.03fc, and then the permeability was
tested again. -e second group of specimens was
subjected to 8-stage cyclic loading and unloading (the
permeability under load state was tested after loading
the nth stage, then the permeability was unloaded to
0.03fc, then the permeability was tested again, and the
cyclic loading and unloading was carried out suc-
cessively until the 8-stage loading and unloading was

Figure 4: Edge angle seal of PPFRC.
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completed). Relevant data were automatically col-
lected, calculated and saved in the experiment, with a
data acquisition frequency of 3 seconds. Each loading
and unloading stress andmeasurement residence time
was not less than 5min, and airflow stability was
ensured for more than 3min.

-e effective stress of the specimen is calculated
according to formula (2) [42], and the stress ratio is cal-
culated according to formula (3).

σe � σz −
1
2

P1 − P2( , (2)

R �
σe

fc

. (3)

In the formula, σe denotes the effective stress,MPa; σz is the
z axial stress, MPa; R is the specimen stress ratio; and fc is the
peak stress of the specimen under uniaxial compression, MPa.

3. Experiment Results and Analysis

3.1. Test Results

(1) Test results: the test results are shown in Tables 2 and
3.

-e calculation of the data in Tables 2 and 3 shows
that the permeability (average) of the specimens at
200°C and 280°C is 246 and 350 times that at 22°C,
respectively, indicating that the increase in temper-
ature has a negative impact on the permeability re-
sistance of the specimens. Under the loading
conditions, the permeability of the specimen in the
cyclic loading and unloading process is 1.00∼1.12
times that in the single loading and unloading process,
indicating that the cyclic loading and unloading
conditions have a negative impact on the permeability
resistance of the specimen. When the stress ratio
difference is 0.47, the permeability of the specimen in
the single unloading process is 1.05∼1.14 times that in
the cyclic loading and unloading process, indicating
that the recovery degree of the specimen under single
loading and unloading is higher than that under cyclic
loading and unloading.

(2) R-kg curve: after fitting the stress ratio and per-
meability data in Table 2, the R-kg relationship curve
is obtained, as shown in Figure 5.
Figure 5 shows that ① the R-kg relation curve is
similar under the two stress conditions. -e R-kg
relation curve is steep in the early stage of loading
and gentle in the later stage of loading. -is indicates

Table 2: Test results of PPFRC loading permeability under different temperatures.

State of stress Stress ratio (R)
Permeability (kg/×10−17m2)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C

Graded cyclic loading

0.03 1.85 2.31 8.02 29.65 127.43 397.21 513.52 532.75
0.10 1.71 2.13 7.46 27.79 119.11 373.92 491.66 512.42
0.17 1.56 1.96 6.90 25.71 109.45 350.32 462.12 487.28
0.23 1.41 1.78 6.35 23.68 101.04 330.75 436.64 463.87
0.30 1.27 1.60 5.78 21.76 93.11 313.45 414.04 441.54
0.37 1.16 1.44 5.27 19.78 86.32 298.34 403.91 433.56
0.43 1.07 1.32 4.92 18.31 83.11 290.25 398.36 428.74
0.50 1.01 1.26 4.77 17.65 81.71 287.27 395.82 425.74

Graded single loading

0.03 1.85 2.31 8.02 29.65 127.43 397.21 513.51 532.70
0.10 1.69 2.10 7.41 27.38 118.11 367.92 483.66 506.42
0.17 1.53 1.91 6.77 25.22 107.95 343.32 456.12 479.28
0.23 1.37 1.72 6.14 23.01 99.04 319.75 428.64 453.07
0.30 1.22 1.54 5.51 20.89 91.11 301.45 404.04 429.54
0.37 1.08 1.37 5.00 18.87 84.32 286.34 390.01 414.56
0.43 0.97 1.23 4.59 17.31 80.11 278.25 380.36 404.74
0.50 0.90 1.16 4.35 16.43 76.71 271.27 371.82 397.74

Table 3: Test results of unloading permeability of PPFRC under different temperatures.

State of stress Difference of loading-unloading stress ratio
Permeability (kg/×10−17m2)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C

Graded cyclic unloading

0.07 1.82 2.27 7.86 28.77 117.27 360.32 482.18 499.47
0.13 1.80 2.23 7.71 28.21 114.82 350.32 470.65 486.40
0.20 1.76 2.19 7.55 27.62 109.76 337.75 450.97 466.54
0.27 1.73 2.14 7.35 26.72 105.07 322.20 430.51 445.58
0.34 1.69 2.08 7.16 25.97 101.81 311.33 419.32 432.05
0.40 1.65 2.04 6.99 25.13 99.87 302.57 402.02 416.76
0.47 1.63 2.01 6.90 24.72 98.74 291.30 391.50 401.42

Single unloading 0.47 1.71 2.12 7.25 26.54 111.92 330.70 417.15 426.99

Advances in Civil Engineering 5



that the permeability decreases significantly with
increasing stress at the early stage of loading, and the
stress is beneficial to the permeability resistance of
the specimen. At the later stage of loading, the de-
cline rate decreases or even remains unchanged with
increasing stress. At this time, the stress develops in a
disadvantageous direction to the permeability re-
sistance of the specimen.②With the increase in the
target temperature of the specimen, the length of the
linear section decreases, and the gentle section in-
creases in the stress period. -is indicates that the
“window” of the stress beneficial to the imperme-
ability of the specimen becomes narrower after the
influence of high temperature, and the specimen
develops in the unfavorable direction of
impermeability.

(3) T-kg curve: after fitting the temperature (T) and
permeability (average) in the loading process of the
specimen in Table 2, the T-kg relationship curve is
obtained, as shown in Figure 6.

Figure 6 shows that, under the two stress conditions, the
change in kg with increasing T experienced three stages. In
the first stage, T< 120°C, the T-kg linear slope is low, and the
increment is small. In the second stage, 120°C≤T≤ 200°C,
the T-kg myopia exponential function relationship, kg
significantly increases. In the third stage, 200°C<T≤ 280°C,

the increment of kg decreased, and the T-kg curve finally
tended to be gentle.-is shows that the temperature between
120°C∼200°C has a significant impact on the seepage rate of
the specimen. When the temperature is higher than 240°C,
the fiber has completely melted, the total amount of cavity
formed by the fiber in the matrix does not increase, and its
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Figure 5: Evolution characteristics of the permeability of the specimen during the loading process.
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permeability tends to be stable, so the third stage of the T-kg
curve is flat.

-e above results show that the increase in target
temperature and cyclic loading and unloading conditions
have adverse effects on the impermeability of the specimen.

3.2. Analysis of Permeability Characteristics

3.2.1. Permeability Decline Rate. -e permeability change
rate is closely related to the stress conditions and temper-
ature factors. -e calculation of the permeability change rate
of the specimen can intuitively reflect the influence of the
two factors. -e permeability parameters in Table 2 are
calculated according to formula (4) to obtain the perme-
ability decline rate of the specimen. -e detailed data are
shown in Table 4.

kD �
ki − ki+1( 

ki

× 100%. (4)

In the formula, kD is the permeability decline rate of the
specimen, %; ki is the permeability of the specimen under
stage i loading, m2; and ki+ 1 is the permeability of the
specimen under stage “i+ 1” loading, m2.

Table 4 shows that under two stress states, kD undergoes
three stages of “Sudden Change” with temperature. -e
temperature ranges of the three mutations were
40°C≤T≤120°C, 120°C<T≤ 200°C and 200°C<T≤ 280°C,
and the stress ratios were 0.5, 0.43 and 0.37, respectively. It
can be seen that the kD “Sudden Change” stress ratio of the
specimen moved forward with increasing temperature.

According to the literature research [7–9, 23–30]
conclusions combined with the analysis of experimental
results, the permeability of polypropylene fiber concrete
under the influence of stress and temperature is mainly
related to three factors. First are the physical bonding
properties of fiber materials and concrete. Second, the
damage degree of the fiber pore structure is affected by
temperature. -ird, the damage degree of stress affects the
strength structure of the specimens.

In the first stage, the target temperature is relatively low,
the thermal deformation of the polypropylene fiber is small,
and the fiber is closely integrated with the matrix, as shown
in Figure 7(a). -e low-temperature effect causes little
damage to the pore structure of the matrix, and the matrix
strength of the specimen is high. At this time, the perme-
ability is mainly dominated by pores and microcracks in the
matrix. In reaction to pressure, the two produce a com-
pression effect [22, 43], and the permeability and stress
decrease linearly. Due to the good stability of the fiber and
the large ductility of the matrix, when the stress continues to
increase, the response time of the two to the stress is close to
or reaches the limit state (large elastic-plastic deformation),
and the straight line segment of the R-kg curve is longer, as
shown in Figures 5(a)–5(c). -erefore, the stress value is
large when the permeability is “Sudden Change.”

In the second stage, the target temperature is the soft-
ening and melting stage of the polypropylene fiber. After
cooling, the recovered fiber is separated from the matrix and

generates voids, resulting in different degrees of damage to
the pore structure of the matrix, increasing the gas per-
meability channel and reducing the matrix strength [28, 29],
as shown in Figure 7(b). Due to the increase in the per-
meability channel, the matrix permeability is significantly
higher than that in the first stage, as shown in Figure 6. Due
to the damage to the pore structure of the matrix, the ad-
hesion between the fiber and the matrix fades, resulting in a
decrease in the strength and ductility of the matrix. When
the stress response of the three is close to or reaches the limit
state, the duration is shortened (the elastic-plastic defor-
mation decreases), and the linear section of the R-kg curve is
shortened, as shown in Figures 5(d) and 5(e). -erefore, the
stress value decreases when the permeability is “Sudden
Change.”

-e third stage is the high-temperature influence stage.
-e microstructure study shows that the polypropylene fiber
disappears in the matrix after high temperatures above
200°C, and voids are formed after cooling [31, 44]. -e
macroscopic results of the specimen after high temperature
are consistent with the microscopic results, as shown in
Figure 7(c). At this time, the matrix pore structure is greatly
damaged, and the strength is significantly reduced. Com-
pared with the first three kinds of fractures, this large cavity
is not sensitive to the stress response, resulting in higher
permeability than the first two stages, as shown in Figure 6.
Due to the large damage degree of the matrix pore structure,
the fiber disappears, the matrix becomes brittle material, and
the strength decreases to the minimum. In reaction to stress,
the elastic-plastic deformation of the matrix is the smallest.
At this time, the period of pores and voids in the matrix to
reach the limit state is shortened again, and the straight line
segment of the R-kg curve is shortened again, as shown in
Figure 5(f ). -erefore, the stress value decreases again when
the permeability is “Sudden Change.”

3.2.2. Permeability Loss. -epermeability loss rate can reflect
the damage and recovery degree of the specimen after
unloading. -e smaller the permeability loss rate is, the lower
the damage degree of the specimen and the higher the re-
covery degree. According to the data in Tables 2 and 3, the
permeability loss rate of the specimen during unloading is
calculated according to formula (5) [45, 46].

kP �
k1 − ki−U1( 

k1
× 100%. (5)

In the formula, kP is the permeability loss rate; k1 is the
permeability of the specimen under the first stage loading,
m2; and ki−U1 is the permeability of the specimen under
unloading of level i, m2.

-e data in Table 5 show that kP increases with increasing
temperature and stress. -e permeability loss rate of the
loading and unloading stress ratio difference RD � 0.47 was
calculated. -e permeability loss rate of the cyclic loading
and unloading process was 1.24∼1.57 times that of single
loading and unloading. It can be seen that temperature rise
and cyclic loading and unloading conditions have adverse
effects on the impermeability of PPFRC.
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-e analysis shows that the unloading process of the
specimen is not the inverse process of loading. At the early
stage of loading, the specimen is in the elastic stage. When
the stress is greater than the elastic limit A, the specimen
enters the plastic working stage, the closure rate of

microgaps in the matrix is accelerated, and the matrix shape
variable is increased. At this time, the matrix structure is
partially damaged, the deformation of the specimen will not
return to the original state when unloading, and there is
deformation loss, as shown in Figure 8. After multistage

80°C Fiber and matrix are
closely integrated

(a)

160°C Fiber warping and
matrix separation

(b)

240°C Linear dents le�
a�er fiber melting

(c)

Figure 7: Changes in fiber in the matrix under different temperatures.

Table 5: Loss rate of unloading permeability of specimens.

State of stress Difference of loading-unloading stress ratio (RD)
Permeability loss rate (kP/%)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C

Cyclic nloading process

0.07 1.62 1.73 2.00 2.97 3.43 5.23 6.10 6.25
0.13 2.70 3.46 3.87 4.86 5.44 7.86 8.35 8.70
0.20 4.86 5.19 5.86 6.85 9.61 11.17 12.18 12.43
0.27 6.49 7.36 8.35 9.88 13.47 15.26 16.16 16.36
0.34 8.65 9.96 10.72 12.41 16.16 18.12 18.34 18.90
0.40 10.81 11.69 12.84 15.24 17.76 20.42 21.71 21.77
0.47 11.89 12.99 13.97 16.63 18.69 23.38 23.76 24.65

Single nloading process 0.47 7.57 8.23 9.60 10.49 12.17 16.74 18.77 19.84
Note. -e difference between the loading and unloading stress ratio is denoted as RD, which is equal to the difference between the stress ratio Ri and 0.03 at
stage I loading.

Table 4: Permeability decline rate of the specimen during loading.

State of stress Stress ratio (R)
Permeability decline rate (kD/%)

22°C 40°C 80°C 120°C 160°C 200°C 240°C 280°C

Cyclic loading process

0.10 8 8 7 6 7 6 6 5
0.17 9 8 8 7 8 6 6 5
0.23 10 9 8 8 8 6 6 5
0.30 10 10 9 8 8 5 5 5
0.37 9 10 9 9 7 5 2 2
0.43 8 8 7 7 4 3 1 1
0.50 6 5 3 4 2 1 1 1

Single loading process

0.10 9 9 8 8 7 7 7 6
0.17 9 9 9 8 9 7 6 5
0.23 10 10 9 9 8 7 6 5
0.30 11 10 10 9 8 6 6 5
0.37 11 11 9 10 7 5 3 3
0.43 10 10 8 8 5 3 2 2
0.50 7 6 5 5 4 3 2 2
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cyclic loading and unloading, the damage to the matrix
strength structure increases [47], and the crack extends or
increases, which adversely affects the impermeability of the
specimen.

In addition, the average values of kD and kP of the
specimens under cyclic loading and unloading conditions at
R≤ 0.34 and T≤120°C were calculated and recorded as
kD− LL and kP− LL, respectively. -e average values of kD and
kP of the specimens under cyclic loading and unloading
conditions at R≥ 0.37 and T≥160°C were calculated and
recorded as kD−HH and kP−HH, respectively. After com-
parison, it is found that the permeability decline rate of the
specimen at low temperature and low stress is large
(kD− LL � 8.26), and the permeability loss rate is small
(kP− LL � 4.88). Under high temperature and high stress, the
permeability decline rate of the specimen was small
(kD−HH � 2.44), and the permeability loss rate was large
(kP−HH � 20.31). -e analysis shows that the high target
temperature leads to damage to the matrix pore structure,
which not only affects the permeability of the matrix but also
affects the strength structure of the matrix. -e pore
structure damage and strength structure damage of the
specimen are superimposed under the influence of high
temperature and high stress conditions. After the super-
position of the two, the failure of the pore structure ac-
celerates the failure of the strength structure under high
stress, makes the development of the matrix crack faster, and
leads to the development of the matrix antipermeability
effect in a disadvantageous direction.

4. Conclusions

(1) When the influence temperature of the specimen is
120°C∼280°C, the fiber undergoes two stages,
“softening, melting-cooling recovery” and “melting
and absorption,” which cause damage to the matrix
pore structure. -e permeability of specimens at
200°C and 280°C is 246 times and 350 times that at
22°C, respectively.

(2) Compared with single loading and unloading, cyclic
loading and unloading have greater damage to the
strength structure of the specimen, and the per-
meability loss rate of the latter is 1.24∼1.57 times that
of the former.

(3) After the influence of high temperature, the pore
structure damage and strength structure damage of
the specimen are superimposed under high stress
(stress ratio is between 0.37 and 0.5). -e perme-
ability loss rate of the specimen at high temperature
and high pressure is 4.16 times that at low tem-
perature and low pressure.

(4) Although the test process simulates the working
conditions of the PPFRC structure, there are still
some differences between the test process and the
real working conditions due to the limitations of the
test equipment. For example, the difference between
the heating mode of the resistance furnace and the
heating mode of an open fire, as well as the difference
between the independence of the heating and load
processes of the specimen and the joint action of the
two factors when the structure is subjected to fire,
will cause changes in the permeability of the com-
ponent. -erefore, the study of the permeability of
components after fire or under the combined action
of temperature and pressure is closer to the actual
working conditions of the structure.
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